Microphase separation through competitive hydrogen bonding interactions in ABC/D triblock copolymer/ homopolymer complexes is studied for the first time. This study investigated self-assembled nanostructures that are obtained in the bulk, by the complexation of a semicrystalline polystyrene-block-poly(4-vinylpyridine)-block-poly(ethylene oxide) (SVPEO) triblock copolymer with a poly(4-vinyl phenol) (PVPh) homopolymer in tetrahydrofuran (THF). In these complexes, microphase separation takes place due to the disparity in intermolecular interactions among PVPh/P4VP and PVPh/PEO pairs. At low PVPh concentrations, PEO interacts relatively weakly with PVPh, whereas in the complexes containing more than 30 wt% PVPh, the PEO block interacts considerably with PVPh, leading to the formation of 
Introduction
Block copolymers are an important class of "so materials" and they can self-assemble to form various nanostructures. 1 The repulsive and attractive interactions within and between the blocks as well as their covalent linkages are the driving force for producing self-assembled nanostructures. In diblock copolymers, the microphase behavior is governed by the thermodynamic balance between the segment-segment interaction parameter (c) and the degree of polymerization (N). When the values of cN exceed a critical value, block copolymers microphase separate into periodically ordered structures, with length scales that vary from a few nanometers to several hundred nanometers. Blending of a block copolymer with a homopolymer is a convenient technique that offers a rich variety of selforganized nanostructures with diverse applications. [2] [3] [4] [5] [6] There are many theories regarding the microphase separation in block copolymer/homopolymer systems. One of them is random phase approximation (RPA) 7 where c and x are the two interaction parameters used for characterizing such systems; c denotes repulsive interactions (c > 0) and x represents attractive interactions (x < 0). RPA, with mean eld calculations, explains the microphase separation that takes place in systems consisting of block copolymers and a homopolymer that can selectively interact with one of the blocks. Hellmann et al. 8 have shown that in systems where microphase separation occurs (avoiding the homogeneous state or macrophase separation), there is always a repulsive interaction between the homopolymer and one block of the block copolymer (c > 0) which induces the microphase separation.
Unlike diblock copolymers, the microphase separation in ABC triblock copolymers results in a rich variety of nanostructures because of the three different components A, B and C. The disordered phase of a triblock copolymer melt is more stable than that of a diblock copolymer of the same length and composition. Triblock copolymer systems have revealed a wide range of well-ordered complex micro-domain morphologies.
9,10
In ABC triblock copolymers, with one or more crystallizable blocks, a much more complex behavior can be expected because of the crystallization process, which either disturbs an already organized structure and microphase separation or induces a transition between two different morphologies. 11 Generally, there are six parameters that determine the equilibrium structure of a given triblock copolymer. (1) For an ABC triblock copolymer, there are three different Flory-Huggins interaction parameters c AB , c BC and c AC . The relative immiscibility is expressed by the interfacial tension ç ij , or by the interaction parameter ø ij , between the directly connected A/B, B/C and the "nonlinked" blocks A/C. 7, 12 (2) The formation of microphase separated assemblies is also inuenced by two independent composition parameters, the volume fractions of each block (f A , f B and f C ), and the total length of the chain (N). poly-(isoprene-b-styrene-b-vinylpyridine), 15 and poly(methyl methacrylate-b-styrene-b-butadiene). 16 Systems with F 1 display phases include core-shell gyroids, core-shell cylinders, perforatedlamellae, etc. Systems of this class that have been studied include poly(styrene-b-isoprene-b-ethylene oxide),
17
poly-(styrene-b-butadiene-b-vinylpyridine) 18 and poly(styrene-bisoprene-b-vinylpyridine).
19 Systems with type II frustration exhibit morphologies such as spheres on spheres, spheres on cylinders and cylinders in lamellae. This occurs by minimizing the area of A/B and B/C interfaces due to the segregation of B domains into spheres, cylinders, or rings, for the formation of larger areas of A/C interface. Examples include poly(styrene-bethylpropylene-b-methyl methacrylate), 20 poly(styrene-b-butadiene-b-methyl methacrylate), 21 and poly(styrene-b-butadiene-bcaprolactone).
22
In recent years, more attention has been focused on blending block copolymers of different compositions or adding a homopolymer to a block copolymer involving secondary interactions, although there are a few reports which have dealt with the inuence of association on nanophase separated structures. 23 The phase behavior and properties of polymer blends are highly dependent on the extent and strength of intermolecular interactions. In many polymer blends, hydrogen bonding is an important secondary interaction, where the strength of this interaction depends on the relative affinities between hydrogen bond acceptors and donors.
24 When a strong intermolecular interaction exists between different polymers and the solvent interacts with the polymers, a miscible polymer blend can be formed. Where the interaction is sufficiently strong, i.e. the polymer-polymer interaction prevails over the polymer-solvent interaction, the two polymers co-precipitate to form highly associated mixtures known as polymer complexes.
Very recently, Guo et al. [25] [26] [27] [28] and Chang et al. [29] [30] [31] have reported a versatile method to develop self-assembled nanostructured block copolymer blends 25, 26, [29] [30] [31] and complexes 27,28 through competitive hydrogen bonding interactions. The concept is based on the competition between different blocks of the block copolymer to form more than one kind of intermolecular interaction with the complementary polymer in the complex. This important advance directs a new strategy for the design of self-assembled nanostructures for diverse applications.
In the present study the system of self-assembly has been extended with the introduction of a fourth component, the homopolymer. This study investigates, for the rst time, the microphase separation induced by competitive hydrogen bonding in self-assembled semicrystalline triblock copolymer/ homopolymer complexes in THF. The self-assembly, hydrogen bonding interactions, phase behavior, crystallization and morphology of polystyrene-block-poly(4-vinylpyridine)-blockpoly(ethylene oxide) (SVPEO)/poly(4-vinyl phenol) (PVPh) complexes have been studied. A series of morphologies including hexagonal cylinders, lamellae, disordered and spherical microdomains was documented as a function of the copolymer concentration. The phase behavior of the complexes is correlated with the results obtained from small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). This work, for the rst time, demonstrates how the competitive hydrogen bonding determines the self-assembly and causes morphological transitions in ABC/D triblock copolymer/homopolymer complexes.
Experimental section

Materials and preparation of blends
Poly(4-vinyl phenol) (PVPh) with an average molecular weight M w of 20 000 and a polydispersity M w /M n of 1.70 was obtained from Aldrich Chemical Co., Inc. Polystyrene-block-poly(4-vinyl pyridine)-block-poly(ethylene oxide) (SVPEO), the triblock copolymer used in the present study, was purchased from Polymer Source Inc., with M n (PS) ¼ 60 000, M n (P4VP) ¼ 32 000, M n (PEO) ¼ 39 500 and M w /M n ¼ 1.2. All these polymers were used as received. The complexes of PVPh/SVPEO were prepared by solution mixing. Tetrahydrofuran (THF) solutions containing 1% (w/v) of the individual polymers were mixed and stirred well until the complexes were precipitated. The solvent was allowed to evaporate slowly at room temperature. The complexes were dried under vacuum for 72 h before the measurements in order to reach equilibrium.
Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of all the samples were recorded on a Bruker Vertex 70 FTIR spectrometer. The spectra of all the samples were determined by using the conventional KBr disk method. The THF sample solution was cast onto KBr pellets and dried under vacuum at 80 C to completely remove the solvent and then allowed to cool to room temperature. The spectra were recorded with an average of 32 scans in the standard wavenumber range of 400-4000 cm À1 at a resolution of 4 cm À1 .
Differential scanning calorimetry (DSC)
The glass transition temperatures of the complexes were determined by a TA Q200 differential scanning calorimeter using 5-10 mg of the sample under a nitrogen atmosphere. A heating rate of 10 C min À1 was employed. All the samples were rst heated to 150 C and kept at that temperature for 3 min, subsequently cooled to À70 C at 10 C min À1 , held for 5 min, and heating continued from À70 to 200 C. The midpoints of the second heating scan of the plot were taken as the glass transition temperatures (T g ).
Small angle X-ray scattering (SAXS)
The SAXS measurements were carried out on a Bruker NanoStar 3 pin-hole small angle X-ray scattering instrument. Two dimensional scattering patterns were recorded using a Vantec detector. Annealed samples having 1 mm thickness were prepared for SAXS measurements and all the experiments were carried out at room temperature (25 C) using Cu Ka radiation (l ¼ 1.54Å, wavelength). The intensity proles were interpreted as the plot of scattering intensity (I) versus the magnitude of scattering vector, q ¼ (4/l)sin(q/2) (q ¼ scattering angle).
Transmission electron microscopy (TEM)
TEM experiments were performed on a JEOL JEM-2100 transmission electron microscope at an acceleration voltage of 100 kV. The samples were cut into ultrathin sections of approximately 70 nm thickness at room temperature with a diamond knife using a Leica EM UC6 ultra microtome machine. The bulk samples were annealed at 180 C for about 72 h before microtoming. The thin sections were stained by ruthenium tetroxide before TEM observation.
Results and discussion
Hydrogen bonding interactions
FTIR spectroscopy is an excellent tool for providing information on the specic interactions between the components of polymer blends and complexes. [32] [33] [34] Fig. 1 shows the possible hydrogen bonding interactions in the PVPh/SVPEO complexes by detecting hydroxyl, pyridine and ether regions. PVPh has excellent potential as a proton donor for hydrogen bonding interactions with proton-acceptor polymers, because the hydroxyl group of the repeating unit is easily accessible in the 4-position of the aromatic ring.
The hydroxyl stretching region in the infrared spectra of PVPh/SVPEO complexes at room temperature is shown in Fig. 2 . It can be seen that the hydroxyl region of pure PVPh consists of two bands; a broad band at 3354 cm À1 which can be attributed to the hydrogen bonded hydroxyl groups (self-associated) and a relatively narrow band at 3525 cm À1 assigned to the free hydroxyl groups (non-associated). 35 In the gure the free hydroxyl absorption band can be observed as a shoulder indicating that a relatively small amount of free hydroxyl groups compared with the extensively distributed self-associated hydroxyl groups. Upon the addition of the triblock copolymer, the peak corresponding to the free hydroxyl groups decreases in intensity and eventually disappears, whereas the hydrogen bonded hydroxyl band shis towards the lower wavenumber region with increase in the SVPEO content. The peak of 20 wt% PVPh at 3159 cm À1 corresponds to the hydrogen bonding interactions of hydroxyl groups of PVPh with P4VP and/or PEO blocks of the block copolymer. The shi in peak position indicates that the inter-associated hydrogen bonds between PVPh and SVPEO are stronger than the self-associated hydrogen bonds in pure PVPh or pure SVPEO (peak at 3400 cm
À1
). Coleman et al. 36 have explained the average strength of the intermolecular interactions (Dn) between the free hydroxyl region and those of the hydrogen bonded species in polymer blends. Table 1 summarizes the Dn values of the complexes and the results imply that the hydrogen bonding strength of the PVPh/ SVPEO complexes is intermediate between those values for the PVPh/P4VP and PVPh/PEO binary systems. By analysing Dn values, the average strength of hydrogen bonding can be measured, both the PEO and P4VP blocks can form hydrogen bonds with PVPh, but the interaction between PVPh and P4VP is stronger than the interaction between PVPh and PEO.
The hydrogen bonding interactions between PVPh and P4VP can be identied by examining the pyridine region in the spectra of the complexes. The characteristic bands of the pyridine ring at 1590, 1050, 993, and 625 cm À1 are sensitive to hydrogen-bonding interactions. 38, 39 However, the P4VP bands at 1590 cm À1 are difficult to analyse due to overlapping with the absorption band of PVPh in the 1600 cm À1 region. Therefore, only the band at 993 cm À1 can be used to identify the existence of hydrogen bonding interactions between the hydroxyl group of PVPh and the pyridine group of P4VP. FTIR spectra in the range of 1030-960 cm À1 of PVPh/SVPEO complexes with different compositions are plotted in Fig. 2b . The bands at 993 and 1014 cm À1 correspond to the aryl CH bending of the pure pyridine ring and PVPh phenol ring, respectively. Another absorption band observed in the complexes at 1004 cm À1 is attributed to the hydrogen-bonding interaction between the pyridine ring of P4VP and the phenol group of PVPh. The spectral changes in both wavenumber regions suggest that strong hydrogen bonding interactions exist between pendant pyridine groups of P4VP and the phenol group of PVPh in all complex compositions. This interaction is very signicant in the formation of a stable complex. Moreover, this hydrogen bonding can contribute much to the positive deviation of T g observed in the T g -composition plot of the complex which is described in the later part of this article. and 1343 cm À1 corresponding to the crystalline phase of PEO.
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When the PVPh content in the complexes increases, these two bands are replaced by a broad band centered at 1350 cm
À1
which represents the amorphous phase, suggesting a retardation of PEO crystallization by the addition of PVPh. From Fig. 2c it can be seen that the retardation of PEO crystallization peaks begins in complexes with 40 wt% of PVPh, which means that a considerably strong interaction between PVPh and PEO starts when the PVPh concentration is $40 wt%. Therefore it can be assumed that PEO ether groups have only weak interaction with PVPh hydroxyl groups at concentrations below 40 wt% of PVPh. This is due to the strong hydrogen bonding interaction between pyridine groups of P4VP with all the available hydroxyl groups of PVPh at low PVPh concentrations.
Phase behavior of complexes
The thermal properties of PVPh/SVPEO complexes were investigated by DSC, and the results are presented in Fig. 3 and Table  2 . It can be seen from Fig. 3a that the plain shows a T g at 165 C
whereas SVPEO exhibits two distinct T g s at 107 C and 150 C corresponding to immiscible PS and P4VP blocks, respectively. The T g of the PEO block could not be observed under the current experimental conditions. The melting temperature (T m ) of the PEO block can be observed at 52 C. There is little change in the T g of PS blocks again indicating that there are no interactions between PS and PVPh throughout all of the compositions.
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It has been proven that the formation of binary complexes of PVPh/P4VP and PVPh/PEO is due to the intermolecular hydrogen bonding interactions.
42 In PVPh/SVPEO complexes, a single T g corresponding to the PVPh and P4VP components was detected, which is attributable to the miscibility between the components. 43 As shown in Fig. 3a , the T g of the P4VP/PVPh phase is substantially higher than the T g of P4VP at lower PVPh contents (20 wt% PVPh complexes). This positive deviation can be attributed to the strong intermolecular interaction between P4VP and PVPh, which contributes signicantly to the free energy of mixing and hence to the miscibility of polymer blocks. Above 40 wt% of PVPh, there is a reduction in the T g value of the complexes due to the miscibility of PEO blocks with PVPh at these compositions.
The crystallizable PEO component in the block copolymer SVPEO exhibits a melting temperature at 52 C. It can be clearly seen that the T m of PEO blocks in PVPh/SVPEO complexes remains almost unchanged at very low PVPh concentrations. The melting peak corresponding to the crystalline phases reduces in its intensity and eventually disappears in 40-50 wt% PVPh complexes, which is due to the miscibility of PEO with PVPh at higher PVPh contents. Fig. 3b shows the crystallization curves during the cooling scan of PVPh/SVPEO complexes obtained at a cooling rate of À10 C min À1 . The appearance of two separate crystallization peaks of pure SVPEO and PVPh/SVPEO complexes indicates fractionated crystallization with increase of the PVPh content. The existence of more than one crystallization exotherm is termed as fractionated crystallization. 44 This behavior has been reported for other semicrystalline block copolymers. [45] [46] [47] Fractionated crystallization of a pure block copolymer takes place either due to morphological heterogeneity, i.e. heterogeneous nucleation and homogeneous nucleation or a slow crystallization rate due to a structural factor. Usually, homogeneous nucleation occurs in conned or unconnected crystalline domains and that preserves the spherulite morphology. However in connected domains, heterogeneous nucleation takes place leading to rupture of the morphology to form mixed morphologies. In the case of block copolymers with slow cooling rate, partial crystallization due to heterogeneous nucleation occurs in the higher temperature region and crystallization initiated by homogeneous nucleation also takes place in the lower temperature region. The peak of the crystallization exotherm is termed as freezing temperature (T f ). In the pure SVPEO block copolymer, at low cooling rates, a large part of the PEO block crystallizes at 41 C whereas a minor fraction of the PEO can only crystallize at lower temperatures (À26 C). In such cases both homogeneous nucleation and heterogeneous nucleation result in a lamellar morphology aer crystallization, where the PEO is dispersed into droplets in an immiscible matrix, 48 but no mixed morphologies are observed in the small angle X-ray scattering prole either. 49 The exotherm at À26 C can be explained as the crystallization of the PEO block originated from the homogeneous nucleation. The fractionated crystallization behavior was also observed in PVPh/SVPEO complexes up to 40 wt% of PVPh. From FTIR analyses it was conrmed that PVPh interacts weakly with PEO compared to the strong interaction between PVPh and P4VP. Therefore the appearance of two exotherms can be explained by the two different crystallization mechanisms of PEO domains within the PVPh/P4VP mixed phase. The high temperature exotherm is from the rst crystallization process due to heterogeneous nucleation of the continuous domains and the low temperature exotherm is produced by the homogeneous nucleation (non-connecting) PEO domains in the PVPh/P4VP mixed phase.
Nanostructured morphology of PVPh/SVPEO complexes
TEM examination provided the insight into the morphology of PVPh/SVPEO complexes. Based on the electron density of Fig. 4 . It is seen that all the complexes exhibit heterogeneous morphology at the nanoscale level. The pure block copolymer shows a cylindrical morphology as shown in Fig. 4a . In fact, a pseudo "hexagonally packed cylinder" was observed for the SVPEO block copolymer, where some percolated microdomains coexist with this cylindrical structure in some areas (inset of Fig. 4a) . The SAXS experiments also prove the existence of cylindrical morphology in the SVPEO block copolymer (Fig. 5) , though a lateral view of these cylinders was not observed by TEM. A similar cylindrical morphology has been observed for the PS-b-poly(2-vinylpyridine)-b-poly(tertbutyl methacrylate) triblock copolymer as reported by Liedel et al.
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The 20 wt% PVPh complexes exhibit a twisted lamellar structure as shown in Fig. 4b . Here, the very dark region corresponds to PS and a mixed phase of PVPh and P4VP appears as grey and the PEO blocks appear as bright. 51 At this composition, the concentration of PVPh is low compared to the block copolymer. Hence, the added PVPh strongly hydrogen bonded to P4VP and forms a single phase whereas the less-interacting PEO block phase separates within the matrix as spherical or elongated microdomains (Fig. 4b) . At 40 wt% PVPh complexes, PEO also forms hydrogen bonds with PVPh since a higher number of hydroxyl units are available even aer strong interaction with P4VP. This induces a bicontinuous structure for 40 wt% PVPh complexes as shown in Fig. 4c . This competitive hydrogen bonding destroys the ordered structure of the system and leads to the decrease in the interfacial area, which results in the planar interfaces and thereby the formation of a disordered bicontinuous phase. On further increasing the PVPh content to 50 wt%, the complexes adopt a highly disordered morphology with some wormlike structures dispersed in the matrix as shown in Fig. 4d . The complexes with 60 wt% PVPh show disordered morphologies in which PS domains are dispersed in the continuous PVPh/P4VP and PVPh/PEO matrix (Fig. 5e) . As the content of PVPh increases to 80 wt%, the complexes show a completely homogenous phase of PVPh/P4VP and PVPh/PEO with phase separated spherical PS domains (Fig. 4f) . Previously, Lee et al. 52 have investigated the hydrogen bonding interactions and morphology in the blends of the P2VP-b-PEO block copolymer with the PVPh homopolymer. No self-assembly was observed and all the blends were homogenous at any compositions though the interactions between PVPh/P2VP and PVPh/ PEO were different. The complete miscibility observed in this system was obviously due to the very low molecular weight of the blocks compared to the homopolymer. If the molecular weights of the homopolymer and each block were comparable or higher, self-assembled structures could have been formed through competitive hydrogen bonding interactions.
The SAXS proles of PVPh/SVPEO complexes are shown in Fig. 5 . Well dened scattering peaks can be observed for the plain SVPEO triblock copolymer. The rst scattering peak is centered at the scattering vector q* for a long spacing of 35 nm. The peak positions in the SAXS prole indicate a hexagonal close-packed cylindrical lattice, situated at q : q* values of 1 : O3 : O4 : O7. (where q* denotes the position of the rst-order scattering maximum). 53 The complexes give broad peaks, and the broadening of the peak indicates the reduction of the long-range order. However, the complexes with 10-50 wt% of PVPh show multiple scattering peaks, implying that they possess longer-range ordered nanostructures to some extent. The SAXS prole of the 20 wt% PVPh complex situated at q/q* values of 1 : 2 : 3, displaying characteristics of the lamellar structure. The complexes with 40 wt% PVPh give broad peaks, indicating the deterioration of long-range ordered structures. At 40 wt % PVPh, complexes only show small shoulders around 2 and 3, respectively, owing to the disordering of the lamellae present in the complexes and the average spacing between the neighboring microdomains is 51 nm. Complexes with high content of PVPh exhibit more disordered structures, which are revealed by the disappearance of higher order reections in the SAXS proles. The results show that there is a systematic increase in the size of the phase separated domain with the progressive incorporation of PVPh. Above 40 wt% PVPh, the complexes show only weak and broad peaks, displaying a disordered morphology as observed in 60 and 80 wt% PVPh complexes in Fig. 4e and f. The formation mechanism of different self-assembled nanostructures in PVPh/SVPEO complexes at different compositions is schematically shown in Fig. 6 . The complexes comprise an immiscible SVPEO triblock copolymer and a homopolymer PVPh, which is miscible with both P4VP and PEO blocks depending on the concentration. The pure triblock copolymer exhibited a cylindrical morphology as shown in Fig. 6a . Since the blocks in the triblock copolymers have the general tendency to separate, they exhibit amphiphilic characteristics which are caused by the restriction due to the presence of a covalent bond between the chemically different blocks, resulting in microphase separated structures. When a homopolymer is complexed with a triblock copolymer, involving competitive hydrogen bonding interactions, the weakly hydrogen bonded block is excluded from the homogenous region due to the high entropic penalty for conformational distortion. Here, by addition of more homopolymer, microphase separation takes place due to the self-assembly of the elementary block copolymer, i.e. it selectively swells the blocks due to the competitive hydrogen bonding which results in phase separation.
In 20 wt% of PVPh complexes, twisted lamellae with an average diameter of 40-50 nm were obtained which is schematically shown in Fig. 6b . At 20 wt%, the added PVPh and P4VP interact very strongly whereas PEO blocks, which are repelled by P4VP, have relatively weak hydrogen bonding with PVPh. In other words, PVPh acts as a selective amphiphilic solvent for the P4VP blocks of the SVPEO triblock copolymer. Therefore the added PVPh forms PVPh/P4VP single phase layers whereas the weakly interacting PEO phase separates as spherical or elongated microdomains. For the pure block copolymer, which is originally in the cylindrical phase, the addition of PVPh is thus expected to induce structural transformations, in analogy with block copolymer selective solvent systems. As the concentration of PVPh increases again, the microphase morphology varies, displaying a bicontinuous structure in 40 wt % PVPh complexes (Fig. 6c) , whereas a matrix-dispersed wormlike morphology is obtained in 50 wt% of PVPh (Fig. 5d) . As the concentration reaches 60-80 wt% PVPh, the interface between the PVPh/P4VP and PVPh/PEO microphases becomes less distinct. The interaction of PVPh between P4VP and PEO together with non-interacting PS leads to the formation of nanostructured spherical microdomains. The appearance of spherical morphology at high PVPh concentrations is due to the connement of non-interacting PS blocks within the highly hydrogen bonded PVPh/P4VP and PVPh/PEO phases form the homogenous matrix. This is due to the hydrogen bonding interactions of PVPh with PEO along with P4VP due to the availability of free hydroxyl groups or in other words PVPh behaves as a common solvent for both P4VP and PEO blocks. The different nanostructures observed in these complexes are completely different from the cylindrical microphase of the pure SVPEO triblock copolymer, implying that the block copolymer blocks are actually swollen when PVPh is added. This is an ABC/D triblock copolymer/homopolymer system, where the triblock copolymer ABC is immiscible and the homopolymer D can interact with both B and C blocks, but unequally due to the competitive hydrogen bonding interaction between the B/ D and C/D pairs, while the A block has no interactions with D and is entirely phase separated in all compositions. Here c AB and c BC are positive, but the values of c BD and c CD are negative, however the value of c BD is more negative than c CD . There is unequal hydrogen bonding interactions of PVPh with both P4VP and PEO, whereas the unreacted PS phase separated which altogether leads to form various nanostructures in PVPh/ SVPEO complexes. The coexistence of three kinds of hydrogen bonds, i.e., inter-associated PVPh/P4VP, PVPh/PEO pairs and self-associated PVPh/PVPh, will bring about the competition of the PVPh distribution among P4VP and PEO microdomains. Moreover, the self-association of PVPh hydroxyl interactions tunes the possibility of adjusting the self-organized structures at the nanoscale through ordered-disordered transitions. The presence of hydrogen bonding interactions in the complexes enhances the miscibility of the blocks and facilitates the phase separation which in turn affects the properties of the complexes. The morphological variations of this system are shown to be inuenced by the following factors: (1) intermolecular interaction between PVPh and P4VP is stronger than that between PVPh and PEO which indicates the existence of competitive hydrogen bonding, (2) strong interaction of PVPh/ P4VP excludes microdomains of PEO at lower PVPh content, (3) formation of a homogenous phase of PVPh/P4VP and PVPh/PEO excludes microdomains of non-interacted PS at high PVPh content. So the geometry of the structures formed in the complexes is determined to a large extent by the competition between P4VP and PEO blocks in regards to hydrogen bonding with PVPh. Moreover it is also established that the addition of a homopolymer into to an ordered block copolymer will cause changes in the microdomain structure.
Conclusions
The microphase separation, mediated by competitive hydrogen bonding, in SVPEO triblock copolymer/PVPh homopolymer complexes was studied. The hydroxyl groups of PVPh can selectively interact with both the pyridine group of the P4VP block and ether groups of the PEO block, which leads to the formation of composition-dependent microphase separated morphologies in these blends. The disparity of weakly associated PVPh/PEO pairs and strongly associated PVPh/P4VP pairs results in compositionally dependent microphase separation and the formation of cylindrical, twisted lamellar, disordered bicontinuous and wormlike morphologies at lower PVPh concentrations. At higher concentrations, PVPh can act as a common solvent for both of the blocks which results in a homogeneous phase with PS as the only phase separated domain. The formation of various composition-dependent microphase separated morphologies in the PS-P4VP-PEO/PVPh complexes was explained based on the relative strength of hydrogen bonding between the different pairs in the system.
